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ABSTRACT

The overall goal of this collaboration is to develop technologies to control grain morphology and 
microstructures of Inconel 718 components additively manufactured through the Direct Energy 
Deposition (DED) process (Identical to the LENS (laser engineered net shaping) processes) and to 
achieve equiaxed or near equiaxed grain structures. The phase 1 technical collaboration was used to 
fabricate Inconel 718 builds with different process parameters, pre heat and scan strategies. The 
results were then rationalized using computational heat transfer and solidification models. 
Microstructural  characterization showed that the aspect ratio of the grains can be reduced to less than 
1.5, and that control of the grain sizes to within 50-100 m could be potentially obtained by using an 
external source to preheat the substrate to 400˚C. Heat transfer models coupled with solidification 
models were used to rationalize the results which show that preheating lowered the temperature 
gradient thereby resulting in moving towards the equiaxed region of the columnar to equiaxed 
transition (CET) curve. The results demonstrate that higher preheat temperatures could be potentially 
used to obtain a truly equiaxed structure. 

1. CONTROLLING MICROSTRUCTURE IN DEPOSITS FABRICATED USING POWDER 
BLOWN DIRECT ENERGY DEPOSITION TECHNIQUE

This phase 1 technical collaboration project (MDF-TC-17-116) was begun on July 17, 2017 and was 
completed on March 23, 2018. The collaboration partner Arconic Inc. is a large business. Results 
show that a comprehensive grain size control can be achieved in Inconel 718 using directed energy 
deposition processes. 

1.1 BACKGROUND

Arconic currently supplies aero engine products through various traditional manufacturing processes 
and is looking for the Direct Energy Deposition DED Additive Manufacturing (AM) process to 
improve productivities, reduce costs and lead-times for the aforementioned products. Issues of the 
products manufactured through the LENS process include the long aspect ratios of grains, and the 
large variation of grain size distributions. These affect the uniformity of material properties and 
causes significant problems for ultrasonic nondestructive testing. ORNL has been working on 
microstructure control for AM process and has successfully developed techniques in this direction for 
electron-beam-powder bed-processes. By working with ORNL, Arconic may achieve commercial 
advantages in cost and lead-time as well as superior material properties through using the directed 
energy deposition (DED) processes. The preliminary experimental result and the modeling activities 
that were performed show that it is possible to control the grain size and texture in builds by 
controlling processing conditions. Among the processing parameters investigated here, the preheat 
temperature and scan strategy had the highest impact.

1.2 TECHNICAL RESULTS

1.2.1 Fabrication of builds using multiple process parameters:

A laser directed energy deposition technique was used to fabricate the builds. The builds were 
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fabricated using a DM3D 103D directed energy deposition system. The system is equipped with a 1 
kW diode laser with a wavelength of 910nm and a spot size of 1.5 mm. Three builds were fabricated 
using a laser power of 600W, a travel speed of 600mm/min and a powder flow rate of 5 gram/minute 
without an pre heat. Inconel 718 powder with a nominal composition shown in table-1 was used. The 
powder was gas atomized with a size distribution of 40-120 µm.

Table:1 Composition of the Inconel 718 powder used to fabricate the builds

Element Ni Cr Fe Al Ti Nb Mo Co

Composition wt% 55 21 Balance 0.8 0.63 5.5 3.3 1.0

 A control sample was fabricated where the laser was used in the line/raster mode to build the part. 
10X10X10 mm3 cubes were fabricated. To fabricate the second build the laser was used in the spot 
mode and pulsed. The laser on and off times were both 1ms and the scan overlap was 0.6mm. The 
third sample was fabricated with the exact same processing conditions, however the preheat 
temperature was increased to 400˚C. 

These processing conditions were selected based on previous work done in the literature which 
showed that the columnar to equiaxed transition can be affected by spatial and temporal variations in 
the thermal gradient (G) and liquid solid interface velocities (R). For instance Lim et.al have shown 
that this transition can be effected in Ni based alloys by magnetic arc oscillation [1]. They used 
thermal models to rationalize the observed results by showing that magnetic arc oscillation results in a 
shallow thermal gradient leading to the formation of an equiaxed microstructure [1]–[3]. These results 
were used to rationalize the results obtained by Dehoff et.al [4]and Raghavan et.al [5], [6] on the 
microstructures observed during the fabrication of Inconel 718 using electron beam additive 
manufacturing. Work in this research served as a basis for selecting the parameters used in this study.

Following deposition, the three builds were then sectioned for microstructure evaluation. Electron 
backscatter diffraction (EBSD) was used to characterize the grain structure and texture evolution in 
the samples at various locations of the build viz. top, middle and the bottom, and the results were 
contrasted and compared. The differences in the build scan strategies are summarized in figure 1.

Figure 1: Illustration of scan patterns used to fabricate builds. (a) Spot pattern (b) Raster pattern.

1.2.2 Microstructural Characterization
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1.2.2.1 Control sample: Sample scanned with raster path

The results from EBSD are presented in figure 2. The EBSD clearly shows that the grain structure is 
predominantly columnar with an average grain size of ~300 µm. 

Figure 2: Inverse pole figures of samples fabricated using the line scan mode (a) Corresponds to the top 
zone of the build (b) corresponds to the middle zone and (c) corresponds to the bottom zone 

The micro texture evolution at all the three locations for the line scan sample are shown in figure 3. 
Figure 3(a) shows the micro texture pole figure map in the different zones of the sample 
corresponding to the EBSD micrograph shown in the previous figure. The plot shows the 
concentration of the various poles (<100>, <110> and <111>) with respect to the build direction 
(marked A1) and the laser beam direction (marked A2). The sample clearly shows that most of the 
grains are <100>||Build direction (where the <100> direction of the grains are aligned with the build 
direction). Figure 3(b) and (c) correspond to the middle and bottom zone respectively also show 
similar texture evolved. The texture is slightly stronger at the bottom and the middle with a strength 
of 5 times random and at the top zone the strength weakens further with an intensity of only 3 times 
random. This could be attributed to increase in the sample temperature along the Z direction leading 
to the breakdown of the texture due to constitutional super cooling [7].  

Figure 3: Pole figures of samples fabricated using the line scan mode (a) Corresponds to the top zone of 
the build (b) corresponds to the middle zone and (c) corresponds to the bottom zone. 
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1.2.2.2 Pulsed laser sample: 

The results from the EBSD are presented in figure 4. Figure 4(a), (b) and (c) corresponds to the 
micrograph obtained from the bottom, middle and top of the builds respectively. The EBSD 
micrographs clearly show that the grain size is close to ~450 µm. Also note that the grains are more 
columnar compared to the grain structure obtained after fabricating the deposits using the line scan 
strategy. The reason for this highly columnar growth is attributed to the fact that the thermal gradients 
are much steeper while building in the spot mode as opposed to a line mode. This steep thermal 
gradient leads to a uniform columnar growth in the entire build. 
 

Figure 4: Inverse pole figures of samples fabricated using the spot mode (a) Corresponds to the top zone 
of the build (b) corresponds to the middle zone and (c) corresponds to the bottom zone.

The micro texture results for the pulsed laser sample are presented in figure 5 (a), (b) and (c) 
corresponding to the bottom, middle and top zones respectively. Note that the texture obtained by 
fabricating the deposits in the line mode clearly shows that the <100>|| build direction. The texture is 
stronger, with a strength of 7 times random as opposed to the 5 times random as observed previously. 

Figure 5: Pole figures of samples fabricated using the spot scan mode (a) Corresponds to the top zone of 
the build (b) corresponds to the middle zone and (c) corresponds to the bottom zone.
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1.2.2.3 Samples fabricated using 400˚C pre heat:

The EBSD results for the samples fabricated by pre heating the substrate to 400˚C are presented in 
figure 6. Figure 6(a), (b) and (c) corresponds to the micrograph obtained from the bottom, middle and 
top zones of the builds respectively. The EBSD micrographs clearly show that the grains are non-
uniform, and there is a breakdown in the columnar morphology of the grains. The grain size is 
significantly finer in specific places, primarily promoted by constitutional super cooling ahead of the 
liquid solid interface due to the shallower thermal gradient. 

Figure 6: Inverse pole figures of samples fabricated using the line scan mode with a pre heat (a) 
Corresponds to the top zone of the build (b) corresponds to the middle zone and (c) corresponds to the 

bottom zone.

The micro texture of different zones in the builds are presented in figure 7 (a), (b), and (c). The 
microtexture results clearly shows weakening compared to the previous two deposits with a strength 
of 3 times random as shown in the figure. To rationalize the weakening of the texture computational 
heat transfer models were employed to study the impact of the processing conditions on the melt pool 
and the results are presented in the following sections.

Figure 7: Pole figures of samples fabricated using the line scan mode with a pre heat (a) Corresponds to 
the top zone of the build (b) corresponds to the middle zone and (c) corresponds to the bottom zone.
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1.2.3 Thermal Modeling:

During rapid solidification conditions occurring in this process, the solidification grain morphology is 
dictated by the local solidification parameters. The primary solidification parameters are (a) thermal 
gradient at the liquid-solid interface – G and (b) velocity of the liquid-solid interface - R. 
Understanding the spatio-temporal variation of these parameters is pivotal in the solidification 
microstructure control. Truchas [8], an open-source numerical code developed at Los Alamos 
National Laboratory is used to simulate the process and extract the G and R values as a function of 
processing parameters.  Conservation equation solved by the framework is given in equation 1.

                                                                 
                                                       (1)

∂(𝜌ℎ)
∂𝑡 =  ∇.(𝑘∇𝑇) +  𝑆

Where ρ is the density, k is the thermal conductivity, h is the specific enthalpy and S is the source 
term. The source term includes both positive and negative fluxes. Some of the source terms 
considered for the additive manufacturing problem are 

• Heat source used to melt the powder particles (laser). 
• Latent heat evolution during phase change. 
• Radiative and convective heat fluxes at the boundaries. 

The surface heat source profile is defined by the Gaussian profile given in equation (2). 
                                                       

                                                       (2)I = ( 1

2𝜋𝜎2)𝑒
‒

1

2𝜎2(𝑥2 + 𝑦2)
             

where I is the surface intensity profile, σ is the standard deviation related to the beam 
diameter, x and y are the distance from the center of the beam in X and Y axis respectively. 
The calculated temperature profile is post-processed to predict the G and R at the liquid-solid 
interface.  The transient temperature gradient (G) at the liquid-solid interface of the domain 
is calculated according to equation (3) using the spatial and temporal distribution of 
temperature within the melt pool.  

(3)Thermal Gradient  G (K/m)  =  G2
x + G2

y + G2
z                                                                                       

where Gx, Gy and Gz are temperature gradients at the liquid-solid interface along X, Y and Z 
directions respectively. Liquid-solid interface velocity is calculated using cooling rate and 
temperature gradient as formulated in equations (4, 5, 6)[8].

                                            (4)liquid Solid interface velocity  R (m s)  =   
|Cooling Rate|          (K s)

 |Thermal Gradient|   (K m)
 

                                                                                                               (5)     Cooling Rate (K
s)        =       |dT

dt|  

                                                               (6)Liquid Solid interface velocity R (m s)   =     
|dT

dt|
G2

x + G2
y + G2

z
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The spatiotemporal G and R data is then used to calculate the volume fraction of stray grains 
formed during the solidification using following equation [5].

                                                                                              (7)Φ = 1 ‒ exp{ ‒ 2.358E19 ∗ ( R

G3.4)
3

3.4}
Thermal simulations were performed for the currently used process parameters of 700W and 700mm/s 
at two different preheat temperature of 25˚C and 450˚C. In addition, a hypothetical preheat condition 
was used in the simulations to understand the necessary preheat required to transition to a completely 
equiaxed structure. This preheat was close to 1200˚C. Consequently, the thermal gradient and the liquid 
solid interface velocities were calculated for these conditions. The gradients are showed in figure 8. 
Figure 8(a) shows the thermal gradients for a pre heat of 25˚C, while figure 8(b) shows the thermal 
gradient for a pre heat of 450˚C and figure 8(c) shows the thermal gradient for a pre heat of 1200˚C. 

Figure 8: Thermal gradient for the processing parameters used in this study (a) 700W and 700mm/s and 
a pre heat of 25˚C (b) 700W and 700mm/s and a pre heat of 450˚C (c) 700W and 700mm/s and a pre heat 

of 1200˚C.
 
The results clearly show that increasing the preheat temperature results in a shallow thermal gradient. 
The influence of these process parameters on the columnar to equiaxed structure is shown in figure 9. 
Figure 9 shows the influence of process parameters on the stray grain formation. The results show that 
the increasing the preheat results in a higher fraction of stray grains.  

Figure 9: Stray grain formation in the samples corresponding to the processing parameters used (a) 
700W and 700mm/s and a pre heat of 25˚C (b) 700W and 700mm/s and a pre heat of 450˚C (c) 700W and 

700mm/s and a pre heat of 1200˚C.
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1.3 IMPACTS 

This work has demonstrated the potential of using the laser powder blown DMD system to control the 
microstructure and avoid the columnar grain structure in Inconel 718 builds. Using the information 
generated in this Phase 1 technical collaborations program it will be possible for the partner to move 
towards getting a completely equiaxed or a highly mis-orientated growth structure in future builds. 
This breakthrough is crucial to the partner from a perspective of an enhanced Non-Destructive 
Evaluation (NDE), response and could also lead to a paradigm of tailoring the microstructure to get 
site specific mechanical properties. 

1.3.1 Subject Inventions

There are no subject inventions associated with this CRADA.

1.4 CONCLUSIONS

As stated in the previous sections, the goal of the phase 1 of this technical collaboration program was 
to understand the feasibility of transitioning from a columnar to equiaxed structure in directed energy 
deposition processes. To this effect multiple builds were fabricated where the scan pattern and pre 
heat temperature of the builds were varied. The results clearly demonstrate the feasibility of 
transitioning from a highly textured columnar growth mode to a misoriented growth mode at higher 
pre heat temperatures. Thermal modeling was used to rationalize these results in the context of well-
known solidification theories. The modeling confirms previously shown results that a shallower 
thermal gradient leads to significant constitutional super cooling ahead of the liquid solid 
solidification front leading to a more equiaxed structure. 

2.  ARCONIC INC. BACKGROUND

Arconic Inc. (formerly Alcoa Inc.) is engaged in providing materials and engineered products. 
Arconic operates through segments, including Global Rolled Products, Engineered Products and 
Solutions, and Transportation and Construction Solutions. The Company offers engineered products 
and solutions, including fastening systems and rings, titanium and engineered products, power and 
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propulsion, and forgings and extrusions. Its transportation and construction solutions include wheel 
and transportation products; building and construction systems, and extrusions. Its global rolled 
products include aerospace and automotive products; Micro mill products and services, and brazing, 
commercial transportation and industrial solutions. It offers a range of aluminum sheet and plate 
products for the aerospace, automotive, commercial transportation, brazing and industrial markets.
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